Objective: Long-term health sequelae of childhood-onset acute lymphoblastic leukemia (ALL) remain largely unknown. Low bone mineral content (BMC) and bone mineral density (BMD) are recognized complications, but it is unknown whether these persist until adulthood. We evaluated skeletal characteristics and their association with ALL therapy in long-term male ALL survivors. Design: This cross-sectional cohort study included 49 long-term male ALL survivors and 55 agematched healthy males. Methods: BMD and compression fractures were assessed by dual-energy X-ray absorptiometry; blood biochemistry was obtained for parameters of calcium homeostasis. Results: The ALL survivors (median age 29 years, range 25-38 years), assessed 10-38 years after ALL diagnosis, had lower lumbar spine (P!0.001), femoral neck (P!0.001), and whole-body (PZ0.017) BMD than expected based on normative values. When compared with the controls (median age 30 years, range 24-36 years), the ALL survivors had lower lumbar spine BMC (PZ0.014), lower whole-body BMC (P!0.001), and lower whole-body BMD (P!0.001), but the differences were partly explained by differences in height. Altogether, 20% of the ALL survivors had spinal compression fractures, but these were equally prevalent in the controls. Males diagnosed with ALL before age 5 years had significantly lower BMD values. Other recognized risk factors included untreated hypogonadism, vitamin D deficiency, hypophosphatemia, low IGF-binding protein-3, and low physical activity. Conclusions: At young adulthood, long-term male ALL survivors have significantly reduced BMC and BMD and a high prevalence of spinal compression fractures. Careful follow-up and active treatment of the recognized risk factors are warranted.
Introduction
Treatment modalities of childhood cancer have significantly improved over the past decades. Consequently, an increasing number of cancer patients survive until adulthood. In the USA, the number of childhood cancer survivors was estimated to be more than 320 000, and 24% of them had survived over 30 years since diagnosis (1) . With an increasing number of survivors, it has become important to evaluate long-term health consequences of childhood cancer. Studies show that, in young adulthood, a substantial proportion of childhood cancer survivors already has a high or severe burden of disease (2) .
In acute lymphoblastic leukemia (ALL), the 5-year relative survival before 1970 was practically 0, and a relatively small proportion of the ALL survivors are 30 years and older (1) . The long-term health sequelae beyond early adulthood thus remain largely unknown. Previous studies have shown that among adult ALL survivors, hormonal deficiencies, hypogonadism, insulin resistance, and dyslipidemia are prevalent (3, 4, 5, 6) . Low bone mineral density (BMD) and osteoporosis are also recognized complications of ALL, and according to some studies, adverse skeletal effects may persist until adulthood (7, 8, 9, 10, 11, 12) .
Bone mass, the most important determinant of fracture risk (13) , accrues with age, with peak attainment values occurring by early adulthood (14, 15) . Therefore, peak bone mass may be significantly impacted by any disease process that reduces the rate and/or magnitude of skeletal mass accrual in childhood and adolescence (16) . The first large cohort of childhood ALL survivors is now reaching its mid 30s. The aim of this study was to evaluate long-term skeletal effects of childhood ALL and treatment-related risk factors for impaired bone health in a large single-center cohort of male long-term survivors.
Materials and methods

Study population
Adult male long-term (O10 years) ALL survivors who were born in 1980 or earlier and had been treated at Helsinki University Hospital in 1970-1998 were identified through hospital records and enrolled in the study assessing adult male health outcome of childhood ALL, as described previously (4) . Among the total patient population of boys treated for ALL during the period (nZ164), 75 male long-term survivors were identified and contacted. Altogether, 51 (68%) consented and 24 subjects did not respond to the invitation. Based on hospital records, the clinical characteristics of the 24 nonresponders were comparable to those of the responders (data not shown). Control subjects (56 healthy males with no history of malignancy, aged between 24 and 36 years) were recruited from occupational health services of Helsinki municipality area and Helsinki University Central Hospital. All patients and control subjects were Caucasian males. The Research Ethics Committee of Helsinki University Hospital approved the study; an informed written consent was obtained from all study subjects.
Study protocol
Patients and controls were assessed similarly. The subjects were invited to participate in a study assessing reproductive health, related parameters, and overall well-being at adult age. Blood work relevant to testicular function and bone health was obtained, and BMD was measured with dual-energy X-ray absorptiometry (DXA). Bone densitometry was not obtained for two patients and one control subject and they were excluded from this study.
Clinical characteristics
Data on the patients' previous medical history, including cumulative doses of irradiation and cytotoxic drugs, were collected from hospital records. A detailed history of present health, ongoing endocrine replacement therapies, and other medications was obtained by patient interview and from hospital records. All the patients and controls were clinically assessed. Heights and weights were measured and values were compared with the Finnish norms and transformed to S.D. units (Z-scores) (17, 18) . BMI was calculated as weight in kilograms divided by the square of height in meters (kg/m 2 ). Information regarding physical activity (number of active training sessions per week) and TV and video watching (hours per day) was collected by interview.
BMD measurements by DXA
Bone mineral content (BMC) and areal BMD for the lumbar spines (L1-L4), femoral neck, total hip, and whole body were measured with DXA (Hologic Discovery A, Bedford, MA, USA, software version 12.3:3). The BMDs were transformed into Z-and T-scores using age-, sex-, and ethnicity-specific (USA White adults) reference data for the equipment. The Z-score is the number of S.D.s, a given BMD measurement differs from the mean for age-and sex-matched reference population. T-scores characterize BMD in comparison to young adults; WHO defines osteoporosis as a T-score %K2.5 and osteopenia as a T-score OK2.5 and %K1.0 (19) . For this study, a cutoff Z-score value of K1.0 was chosen to define reduced BMD. To minimize the effect of bone size on BMD, a mathematical model for correction of areal BMD for the anteroposterior depth of the vertebrae was used to obtain estimates of volumetric density and bone mineral apparent density (BMAD). BMAD was calculated with the formula BMAD (L1-L4)Ztotal BMC (L1-L4)/(area L1-L4) 1.5 (20) . Scans with foreign objects (e.g. surgical fixation material) or compressed lumbar vertebrae in the measurement area were omitted from the analysis. Consequently, lumbar spine scans of three patients and two controls and whole-body scans of three patients and two controls were excluded.
In order to detect vertebral compression fractures (VFx), anteroposterior and lateral images of the thoracic and lumbar spine (Instant Vertebral Assessment (IVA)) were obtained for each subject using the DXA scanner. VFx were assessed according to the classification by Genant et al. (21) . The IVA images were assessed independently by two experienced examiners (O Mä kitie and S Toiviainen-Salo). Discordant findings were reanalyzed for consensus. Borderline findings were classified as normal. The vertebrae were compared with adjacent vertebrae and graded depending on percent reduction in anterior, middle, or posterior vertebral height: below 20% as normal; 20-25%, grade 1; 25-40%, grade 2; and R40%, grade 3 deformity (21).
Biochemistry
Blood samples were collected between 0800 and 1000 h. Plasma calcium (Ca), phosphate (Pi), and alkaline phosphatase (ALP) were measured using standard methods. Serum 25-hydroxyvitamin D (25-OHD) was assessed by liquid chromatography and plasma parathyroid hormone (PTH) by an immunoluminometric method. Serum FSH, LH, insulin-like growth factor 1 (IGF1), and IGF-binding protein-3 (IGFBP3) were determined with time-resolved immunofluorometric assays and testosterone levels with liquid chromatography-mass spectrometry, estradiol levels with immunofluorometric assay, and inhibin-B by a specific two-sided enzyme immunometric assay in the laboratory of Helsinki University Central Hospital.
Statistical analysis
For areal BMD, T-scores were used only to determine the overall prevalence of osteopenia (a T-score between K1.0 and K2.5) and osteoporosis (a T-score at or below K2.5); Z-scores instead of T-scores were used in order to avoid confounding by age to determine the correlates of BMD. Simple regression analysis, Student's unpaired t-test (normally distributed variables), Mann-Whitney U test (non-normally distributed variables), and c 2 test were used for statistical analysis, as appropriate, to determine the relationship between spinal changes, BMD, and specified clinical variables and to analyze differences in these parameters between subgroups. Differences between the groups were tested with multivariate analysis using relevant confounders in the models. Significance tests were two tailed. A P value of !0.05 was considered statistically significant. The calculations were performed using PASW Statistics Software SPSS (version 19.0; SPSS, Inc., Chicago, IL, USA).
Results
Cohort characteristics
The 49 male ALL survivors were assessed at a median age of 29 years (range 25-38 years) and 10-38 years after the ALL diagnosis. Their median age at ALL diagnosis was 5 years; 15 patients (31%) were older than 10 years at the end of ALL therapy. The median follow-up since end of ALL therapy was 20 years (10-29 years; Table 1 ). Seventy-three percent of the survivors had received cranial irradiation; 31 had received at least 24 Gy, all of them before age 15 years. In addition, 35% had received testicular irradiation and 49% cyclophosphamide as part of their ALL treatment regimen. Hypogonadism had been diagnosed in 20 patients (41%); six of them (30%) were noncompliant with testosterone replacement therapy. None of the patients had GH or other hormonal deficiencies diagnosed apart from hypogonadism.
The median age of the 55 control males was 30 years (range 24-36 years). The ALL survivors were shorter than the controls (median 177.0 vs 180.5 cm; PZ0.007) but their weights (78.9 vs 82.8 kg) and BMIs (25.2 vs 25.3 kg/m 2 ) were similar (PO0.05) ( Table 2 ). The ALL subjects with a history of CNS irradiation (nZ36) were shorter (PZ0.003) than ALL males without CNS irradiation, whose heights were not different from the control males.
The ALL survivors were less active than the controls (mean physical training 0.9 vs 2.0 h/week; P!0.001) and spent more time watching TV and videos (on average 3.0 vs 2.1 h/day; PZ0.005).
Biochemistry
There were significant differences between the ALL and control males in hormonal parameters and testicular function, as reported previously (4). The ALL males had higher FSH levels, lower testosterone levels, and lower inhibin-B levels (Table 3) . Serum testosterone was below 7.0 nmol/l in six ALL males and in none of the controls. Serum IGF1 levels were similar but IGFBP3 levels were lower in the ALL survivors (P!0.001).
Vitamin D status was poorer in the ALL subjects than in the controls (median S-25-OHD values 42 vs 48 nmol/l; PZ0.001; Table 3 ). This was partly due to seasonal variation as more control subjects (55%) than ALL males (6%) were assessed during the four summer months. When only S-25-OHD values obtained between September and May were included, the ALL patients still had inferior vitamin D levels (median 43 and 47 nmol/l; PZ0.045). Altogether, 76% of the ALL males and 47% of the controls were determined as vitamin D deficient (S-25-OHD !50 nmol/l). PTH levels did not differ and only one ALL and three control males had supranormal (O73 ng/l) PTH values. However, S-Pi values (normal range 0.71-1.23 mmol/l) were significantly lower in the ALL males (PZ0.004); six (12%) ALL males and none of the controls had hypophosphatemia with S-Pi below 0.60 mmol/l. These very low S-Pi levels did not associate with supranormal PTH or with cumulative methotrexate or cyclophosphamide. S-Ca levels (normal range 2.15-2.51 mmol/l) were higher in the ALL males than in the controls (median 2.38 vs 2.33 mmol/l; PZ0.046).
DXA findings
The bone densitometry findings are presented in Table 2 and Fig. 1 . The BMD Z-score values in the ALL survivors differed significantly from the expected mean value (Z-score 0) in lumbar spine (mean Z-score K0.64; P!0.001), femoral neck (mean K0.33; PZ0.017), and whole body (mean K0.75; P!0.001). In contrast, the respective mean Z-score values in the controls (K0.27, 0.00, and C0.61; PO0.1 for all) were normal. When compared with the healthy controls, the ALL survivors had significantly lower BMC values in lumbar spine (PZ0.014) and whole body (P!0.001), and a similar trend was seen in femoral neck (PZ0.054) and total hip (PZ0.073). Similarly, BMD Z-scores were lower at all measured sites, but the difference reached statistical significance only for the whole-body BMD Z-score, which was significantly lower in the ALL survivors (P!0.001). Altogether, four ALL males and three control males fulfilled the DXA criteria for osteoporosis (T-score %K2.5). All DXA parameters correlated significantly with each other. In the ALL males, S-25-OHD significantly associated with BMD at lumbar spine (PZ0.033), total hip (PZ0.018), and whole body (PZ0.015) while no such correlation was observed in the controls. IGFBP3 did not correlate with any of the DXA parameters in ALL or control males. Height and BMI also influenced BMD findings. Lumbar spine BMD Z-score in ALL subjects correlated significantly with weight (P!0.001) and BMI (PZ0.006). When the DXA-derived values were adjusted for height and S-25-OHD, the differences between the groups still remained significant in whole-body BMC and BMD Z-score, the ALL males having lower values, while the other differences became insignificant (Table 2) .
In ALL males, a lumbar spine BMD Z-score !K1.0 (present in 38% of the males) associated only with lower weight (PZ0.006) and BMI (PZ0.011) and low wholebody BMD Z-score (present in 48%) only with lower height (PZ0.001) and weight (PZ0.002) compared with ALL males with higher BMD Z-score, and not with any hormonal, biochemical, or treatment-related parameters. In ALL males, physical activity and time spent watching TV did not correlate with any of the BMD parameters. In the control males, but not in the ALL males, the lumbar spine and total hip BMD Z-scores correlated inversely with S-inhibin-B values (rZK0.34, PZ0.017 and rZK0.38, PZ0.006).
Age at ALL diagnosis impacted on skeletal findings. Patients with ALL diagnosis before age 5 years had lower lumbar spine area (PZ0.002) and BMC (PZ0.009), lower whole-body area (PZ0.031), BMC (PZ0.009), BMD T-score (PZ0.015), and Z-score (PZ0.013). These patients were also shorter (174.7 vs 179.1 cm; PZ0.036).
ALL males with a history of CNS irradiation (nZ35) did not differ in any of the densitometric parameters from those with no CNS irradiation except for lumbar spine area, which was smaller in those with irradiation (PZ0.044), most likely reflecting their lower height. Further, patients who had received testicular irradiation and/or high-dose cyclophosphamide (O20 g/m 2 ; nZ21) did not differ from the other ALL males in any DXA-related parameters (PO0.1 for all). When only patients with testicular irradiation (nZ17) were compared with the other ALL survivors, the BMD Zscores were similar (PO0.05) and the only significant difference was smaller proximal femoral bone area in those with testicular irradiation (PZ0.029).
Compression fractures
Compression fractures were prevalent not only in ALL survivors (20%) but also in the controls (22%). The location and severity of the compression fractures along the spine was similar in both groups, most of the fractures being located in the lower half of the thoracic spine. When comparing the ALL subjects with (nZ10) and without (nZ39) compression fractures, none of the DXA parameters, biochemical parameters, or ALL treatment-related parameters differed, but those with compression fractures had higher BMI than subjects without compression fractures (28.5 vs 24.5 kg/m 2 ; PZ0.024). In the controls, none of the DXA parameters, biochemical parameters, or clinical characteristics differed between those with (nZ12) and without (nZ43) compression fractures.
Discussion
We carried out a cross-sectional study to evaluate bone health and its clinical and biochemical determinants in long-term male ALL survivors at young adult age (25-38 years) and on average 20 years after the end of ALL therapy. The bone mass and BMD parameters were lower in the 49 ALL males than in the 55 age-matched control males without a history of cancer, and in the ALL survivors, these parameters differed significantly from the normative data. Altogether, 20% of the ALL males had spinal compression fractures but these were equally prevalent (22%) also in the controls. Several potential risk factors for compromised bone health were identified in the adult male ALL survivors.
The BMD Z-score values in the ALL males were significantly lower than normative data while the values in the controls were normal. However, most of the differences between the survivors and controls were caused by reduced adult height (on average 4 cm) in the ALL survivors. Especially, the subjects with previous CNS irradiation and/or ALL diagnosis before age 5 years Long-term skeletal health after childhood ALL 285 EUROPEAN JOURNAL OF ENDOCRINOLOGY (2013) 168 www.eje-online.org tended to be shorter. As DXA gives a two-dimensional measurement of three-dimensional bones, persons with smaller bones will falsely have lower areal BMD despite identical volumetric bone densities (22) . However, not all differences in densitometric findings between the groups disappeared when height and S-25-OHD were taken into account. Our findings indicate that long-term survivors of childhood ALL have an increased risk of low bone mass and consequently of fractures in adulthood.
To our knowledge, this is the first study to assess spinal morphology in long-term ALL survivors. We observed a significant number of compression fractures in the survivors: altogether, ten males (20%) were found to have spinal compression fractures, mostly located in the lower half of the thoracic spine. We were not able to identify any clinical, biochemical, or ALL treatmentrelated risk factors for compression fractures, and the timing of these fractures remains unknown. Furthermore, the BMD findings were not different in the subjects with and without compression fractures.
Surprisingly, an equally large proportion of the control males had spinal compression fractures. The prevalence in the general young adult male population in Finland remains unknown. However, in our previous study, the prevalence of compression fractures in another control group (nZ138, mean age 23 years, 55% males), assessed similarly as in this study, was only 5.1% (23) . In another study on 158 healthy adults (median age 32.6 years; 76 males), we found compression fractures in none of the subjects (24) . The high prevalence in our present controls may be due to recruitment bias. The controls, who were invited to a study assessing testicular function and fertility, had also lower sperm counts than healthy average Finnish males (4) . The skeletal changes may reflect compromised gonadal function, although none of the controls had hypogonadism. The relationship between testicular function and bone health has proved to be much more complex than previously thought, and recent studies suggest that a bone-specific protein, osteocalcin, directly influences testosterone production by the Leydig cells in the testis (25) . Based on these observations, it is possible that males who volunteer to studies related to testicular function are not optimal controls for bone health studies.
ALL may predispose to compression fractures by several mechanisms. Halton et al. (26) reported 16% prevalence of vertebral compressions in newly diagnosed children with ALL who were assessed with spinal radiography within 30 days of ALL diagnosis. The ALL treatment itself with cytotoxic agents, impaired nutrition, and reduced physical activity has detrimental effects on bone mass. Furthermore, the potential endocrine sequelae, including GH deficiency and hypogonadism, impair bone mass development during the adolescent years. Although the prevalence of compression fractures in our ALL males was not different from the controls, the 20% prevalence is significantly higher than expected in the normal population and warrants close follow-up of ALL-treated subjects to detect early signs of osteoporosis.
When searching for clinical and treatment-related risk factors for low BMD and compression fractures in the ALL survivors, we were not able to show any differences in the skeletal characteristics, apart from height, in those with or without CNS irradiation, testicular irradiation, and/or cyclophosphamide. However, those diagnosed with ALL before age 5 years had significantly lower BMD values, suggesting that young children may be especially vulnerable to skeletal adverse effects. On the other hand, age of ALL diagnosis was similar in those with and without spinal compression fractures.
Several other potential risk factors for skeletal health were recognized among the survivors. Altogether, 20 ALL males had been diagnosed with hypogonadism. Most of them were on proper replacement therapy, but six males (12% of the cohort) had untreated hypogonadism. Low S-Pi levels, not secondary to hyperparathyroidism, were observed in several subjects. These may be a consequence of renal tubular damage due to cytotoxic agents, although no correlation with cumulative methotrexate or cyclophosphamide doses were observed; renal tubular phosphate reabsorption was not evaluated. Further, the ALL subjects had lower IGFBP3 levels but their IGF1 levels were similar to the controls. This may reflect inferior GH status in the ALL survivors (27) . Altogether, 31 ALL subjects had received 24-48 Gy cranial irradiation, and this poses a significant risk for subsequent development of GH deficiency. Serum testosterone, Pi, or IGFBP3 values did not correlate with any of the DXA-derived bone parameters and it thus remains unknown how these risk factors may influence bone health in ALL survivors during their later adulthood. Male hypogonadism is a significant risk factor for osteoporosis (28) . It is important to ensure proper replacement therapy and follow the compliance in adult ALL survivors. Hypophosphatemia results in osteomalacia and in compromised bone quality over time.
Three quarters of the ALL subjects and half of the controls were vitamin D deficient (S-25-OHD !50 nmol/l). We have previously shown in several other cohorts that vitamin D deficiency is alarmingly common in all age groups in Finland (23, 29, 30, 31, 32) . The findings in the present cohort are in line with these observations. Unfortunately, the study assessments in the ALL males took place mostly during the winter months when vitamin D levels are lowest while more than half of the controls were assessed during the summer months. This bias prevented reliable comparison of the vitamin D status in the study groups. However, when values obtained outside the summer season were compared, the ALL males still had lower values. They also had less physical activity and spent more time watching TV, which in addition to being a risk factor for vitamin D deficiency is in itself a risk factor for compromised bone health. In the study by Tylavsky et al. (33) , !30% of 164 childhood ALL survivors (92 adults) met recommended dietary intakes for vitamin D, calcium, potassium, or magnesium. These dietary and other lifestyle factors may play a significant role in determining long-term skeletal and overall health in ALL survivors.
Our study suffers from some limitations. We did not collect detailed data on fracture history or lifestyle factors related to bone health (calcium and vitamin D intake, quality of physical activity) as the main focus of the study was on testicular function and fertility (4) . BMD was quantified only with DXA and the results were thus significantly impacted by body size. These methodological limitations may have prevented us from identifying all differences between the patient and control groups and treatment-related differences within the ALL group. More accurate methods, such as peripheral quantitative CT should be considered in future studies. No Finnish reference values for this DXA equipment are available. We have previously tested the validity of the equipment-specific reference values for USA Caucasians in a cohort of 199 healthy Finnish children (age range 7.4-18.8 years, median 13.1 years); their median BMD Z-scores were 0.0, C0.1, and 0.0 at the lumbar spine, total hip, and whole body respectively (34) , suggesting that the USA Caucasian reference values are appropriate for the Finns. Therefore, it is unlikely that the reference values used in this study would cause a major bias in the results. The high prevalence of compression fractures in the control group suggests that the controls were not representative of the general population.
In conclusion, our study shows that at young adulthood (mean age 29 years), long-term male ALL survivors have significantly lower BMD values when compared with the general population. Reduced adult height, seen especially in those with a history of CNS irradiation or ALL diagnosis before age 5 years, may partly explain these reductions. The spinal compression fractures are likely to reflect abnormal bone quality. We recognized several potential risk factors for osteoporosis during adult life, including inadequately treated hypogonadism, vitamin D deficiency, hypophosphatemia, low IGFBP3, and low physical activity. These risk factors should be targeted to prevent skeletal complications during ALL treatment and follow-up.
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